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ABSTRACT
The large Integral Field Spectroscopy (IFS) surveys have allowed the classification of ionizing sources of
emission lines on sub-kpc scales. In this work, we define two non-parametric parameters, quiescence (Fq) and
its concentration (Cq), to quantify the strength and the spatial distribution of the quenched areas, respectively,
traced by the LI(N)ER regions with low EW(Hα). With these two measurements, we classify MaNGA galaxies
into inside-out and outside-in quenching types according to their locations on the Fq vs. Cq plane and we
measure the fraction of inside-out (outside-in) quenching galaxies as a function of halo mass. We find that
the fraction of galaxies showing inside-out quenching increases with halo mass, irrespective of stellar mass or
galaxy type (satellites vs. centrals). In addition, high stellar mass galaxies exhibit a greater fraction of inside-
out quenching compared to low stellar mass ones in all environments. In contrast, the fraction of outside-in
quenching does not depend on halo mass. Our results suggest that morphological quenching may be responsible
for the inside-out quenching seen in all environments. On the other hand, the flat dependence of the outside-in
quenching on halo mass could be a mixed result of ram-pressure stripping and galaxy mergers. Nevertheless,
at a given environment and stellar mass, the fraction of inside-out quenching is systematically greater than
that of outside-in quenching, suggesting that inside-out quenching is the dominant quenching mode in all
environments.
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1. INTRODUCTION
It has been long recognized that environments play an im-
portant role in the galaxy evolution (Dressler 1980; Baldry
et al. 2006; Cooper et al. 2007; Peng et al. 2010; Muzzin
et al. 2012; Wetzel et al. 2012). Galaxies located in dense
environments may experience short periods of mass assem-
bly where different processes of star formation quenching are
present such that their stellar populations are in general old
with high metallicities as opposed to the field galaxies (e.g.,
Roberts & Haynes 1994; Kauffmann 1996; Kuntschner et al.
2002; Trager et al. 2008; Blanton & Moustakas 2009).
Studies of the main-sequence galaxies in various environ-
ments find that the specific star formation rate (sSFR) of
galaxies located in groups or clusters is systematically lower
by 0.1 – 0.3 dex when compared to that of the field galax-
ies (Vulcani et al. 2010; Haines et al. 2013; Lin et al. 2014;
Jian et al. 2017, 2018). Nevertheless, recent works have con-
cluded that the well-established ‘color-density’ relation at low
redshifts is primarily driven by the increase of the quiescent
population, with the global reduction in the star formation rate
of star-forming galaxies in dense environments only being a
secondary effect (Baldry et al. 2004; Koyama et al. 2013; Lin
et al. 2014; Lacerna et al. 2016; Jian et al. 2017; Argudo-
Fernández et al. 2018; Lacerna et al. 2018). Combining all
these results, it is suggested that there could be a mixing of
various quenching processes that operate on different time-
scales going on for group/cluster galaxies.
A number of environment-associated mechanisms have
been proposed to explain the suppressed star formation rate
in dense environments. For example, the gas in galaxy discs
or halos can be stripped when galaxies fall into a cluster and
move through the hot intracluster medium, often referred to
as ram pressure stripping (Gunn & Gott 1972; McCarthy et
al. 2008). This scenario is supported by the depleted HI gas
and offset ionized gas observed in local cluster galaxies (e.g.,
Brown et al. 2017; Fritz et al. 2017). Similarly, the outer
hot halo of galaxies may also be removed due to tidal forces
or ram pressure, referred to as ‘strangulation’, in which case
galaxies lose their fuel to supply further star formation (Lar-
son et al. 1980). Other processes, such as galaxy interactions
or galaxy harassment (Moore et al. 1996), which are found
more frequently in dense environments (Lin et al. 2010), may
also induce gas inflow toward the centers of galaxies, trigger
starbursts, and consume the gas completely (Mihos & Hern-
quist 1994; Cox et al. 2006). While it is likely that multiple
processes may all contribute to the lower level of star forma-
tion activities in dense environments, it is observationally very
challenging to identify which mechanism is dominant over
others.
Recent integral field spectroscopy (IFS) surveys, such as
CALIFA (Sánchez et al. 2012), SAMI (Bryant et al. 2015),
and MaNGA (Bundy et al. 2015), provide great opportunities
to probe the quenching effect through spatially resolved infor-
mation, as different quenching processes may leave distinct
imprints on the spatial distributions of the star formation. For
processes like ram-pressure stripping or strangulation, one ex-
pects that the gas suppression and star formation quenching
happen outside-in or globally, while AGN feedback would re-
sult in the opposite trend (inside-out). With the resolved in-
formation, it is therefore possible to constrain the quenching
mechanisms by investigating the spatial patterns of quenching
within the galaxies (e.g., González Delgado et al. 2014, 2016;
Tacchella et al. 2015; Li et al. 2015; Lin et al. 2017b; Ellison
et al. 2018; Sánchez et al. 2018), including their dependence
on the stellar mass, morphology, and environment (Pérez et al.
2013; González Delgado et al. 2015; Pan et al. 2015; Ibarra-
Medel et al. 2016; González Delgado et al. 2017; Schaefer et
al. 2017; Spindler et al. 2018; Wang et al. 2018; Sánchez et
al. 2018; Medling et al. 2018). Depending on the tracers used
to study the quenching, some are more sensitive to the instan-
taneous halt of star formation (e.g., star formation rate), while
others may in fact probe the ageing effect (e.g., age, D4000
strength, etc).
The environmental dependence of the resolved star forma-
tion activities so far have yielded controversial results. Schae-
fer et al. (2017) adopted the nearest neighbor local density as
a environment tracer and studied the star formation rate gradi-
ents in the SAMI sample. They concluded that the star forma-
tion quenching occurs outside-in in dense environments. On
the other hand, Spindler et al. (2018) utilized galaxies taken
from the MaNGA survey and found a global suppression in
the star formation rate from inner to outer regions for satellite
galaxies, which favors the strangulation scenario.
In this paper, we investigate the spatial pattern of quenching
and its dependence on the local environment, specifically the
halo mass, in the MaNGA sample by quantifying the spatial
distribution of quenched areas using non-parametric methods.
We study the fractions of galaxies showing inside-out and
outside-in quenching features as a function of halo mass for
central and satellites galaxies separately, from which we infer
the environment quenching mechanisms that act in massive
halos.
Throughout this paper we adopt the following cosmology:
H0 = 100h km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. We use
a Salpeter IMF and adopt the Hubble constant h = 0.7. All
magnitudes are given in the AB system.
2. DATA
2.1. MaNGA IFU data
MaNGA (Bundy et al. 2015; Yan et al. 2016b) is an integral
field unit (IFU) survey on the SDSS 2.5m telescope (Gunn et
al. 2006), as part of the SDSS-IV survey (Albareti et al. 2017;
Blanton et al. 2017). MaNGA makes use of a modification
of the BOSS spectrographs (Smee et al. 2013) to bundle fi-
bres into hexagons (Drory et al. 2015). Each spectra has a
wavelength coverage of 3500-10,000Å, and instrumental res-
olution ∼60 kms−1 . After dithering, MaNGA data have an
effective spatial resolution of 2.5′′(FWHM; Law et al. 2015),
and data cubes are gridded with 0.5′′spaxels.
In this study, we use ∼4690 galaxies with z < 0.15 taken
from the MaNGA MPL-6 version of the internal release. To
eliminate the effect of inclination to our analysis, we only use
galaxies with a major to minor axis ratio (b/a) greater than
0.4 (i.e., excluding high-inclination systems with i > 68◦).
This selection results in 4273 galaxies in our sample. We
make use of the Pipe3D pipeline (Sánchez et al. 2016a) to
model the stellar continuum with the GSD156 library of sim-
ple stellar populations (SSPs; Cid Fernandes et al. 2013) that
comprises 156 templates covering 39 stellar ages (from 1Myr
to 14.1Gyr), and 4 metallicities (Z/Z=0.2, 0.4, 1, and 1.5),
extracted from a combination of the synthetic stellar spectra
from the GRANADA library (Martins et al. 2005) and the
MILES project (Sánchez-Blázquez et al. 2006; Vazdekis et
al. 2010; Falcón-Barroso et al. 2011). Details of the fitting
procedures are described in Sánchez et al. (2016b). In short,
a spatial binning is first performed in order to reach a S/N of
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50 accross the entire field of view (FoV) for each datacube. A
stellar population fit of the coadded spectra within each spatial
bin is then computed. The stellar population model for spax-
els with continuum S/N > 3 is then estimated by re-scaling
the best fitted model within each spatial bin to the continuum
flux intensity in the corresponding spaxel, following Cid Fer-
nandes et al. (2013) and Sánchez et al. (2016a). The stellar
mass surface density (Σ∗) is obtained using the stellar mass
derived for each spaxel and normalized to the physical area of
one spaxel. The best-fit stellar continuum is then subtracted
from the reduced data spectrum for the emission line measure-
ments, which are measured spaxel by spaxel using a weighted
momentum analysis as described in (Sánchez et al. 2016b,
2018). All the emission lines were dust extinction corrected
by using the Balmer decrement computed at each spaxel of the
IFU cube, following the method described in the Appendix
of Vogt et al. (2013). An extinction law with Rv = 4.5 (Fis-
chera & Dopita 2005) and Calzetti (2001) attenuation curve is
used. These emission line measurements are later used for the
ionizing source classification through the Baldwin-Phillips-
Terlevich (BPT) excitation diagnostic diagrams (Baldwin et
al. 1981; Veilleux & Osterbrock 1987; Kauffmann et al. 2003;
Kewley et al. 2006). The classification is not sensitive to the
dust reddening law since the lines in each pair used for the
line ratio calculations are close enough in the wavelength.
2.2. Halo mass
The halo masses of our sample are adopted from the group
catalog kindly made available by Yang et al. (in private com-
munication). This catalog updates the SDSS DR4 group cat-
alog of Yang et al. (2007, 2008) to the SDSS DR7 version.
The galaxy groups are identified using an adaptive halo-based
group finder based on the NYU-VAGC Catalog (Blanton et
al. 2005). The match to Yang’s group catalog results in a sub-
sample of 2915 galaxies with halo mass measurements.
For each galaxy, the group catalog provides two estimates
for its halo mass: (1) ML, based on the ranking of the char-
acteristic luminosity L19.5, the total luminosity of all group
members with 0.1Mr − 5logh <= 19.5; (2) Ms, based on the
ranking of the characteristic stellar mass Mstel , the total stel-
lar mass of all group members with 0.1Mr − 5logh <= 19.5.
Detailed tests with mock catalogs have shown that the halo
masses are estimated reliably, with a standard deviation of
about 0.3 dex (Yang et al. 2008). The two halo mass estimates
yield very similar results for our analyses. In this paper, we
present the results based on the luminosity-based halo mass
ML.
3. METHODS
With the advent of large IFU surveys, such as CALIFA,
MaNGA, etc, ones are able to probe the emission line prop-
erties in sub-regions within the galaxies. In Hsieh et al.
(2017), we confirmed the so-called ‘resolved star-forming
main sequence’ (Sánchez et al. 2013; Cano-Díaz et al. 2016;
González Delgado et al. 2016), the tight correlation between
the star formation rate surface density and the stellar mass
surface density (Σ∗) on kpc scales for HII regions classified
based on the BPT line diagnostics. In addition, we found that
the Hα surface density (ΣHα) is also strongly correlated with
Σ∗ for regions classified as LI(N)ERs. The emission power
of LI(N)ER regions is lower than that of the HII regions by
nearly two orders of magnitude at a fixed Σ∗. The existence
of this relation is in support of the scenario that LI(N)ER re-
Figure 1. A schematic plot showing the time evolution of quenching used in
our toy models (see Section 3 and Appendix A). Regions with ongoing star
formation are shown in the blue color, whereas regions where the star forma-
tion has ceased is color-coded in red. Left sequence: inside-out quenching
–star formation is quenched in the center first and then proceeds outwards.
Middle sequence: outside-in quenching – quenching proceeds inwards from
the outer parts of galaxies. Right sequence: A mixture of 50% inside-out
quenching and 50% outside-in quenching.
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Figure 2. The distributions of two toy models on the quiescence (Fq) vs.
quenching concentration (Cq) plane. The dotted line represents the outside-
in quenching sequence whereas the dotted-dashed line shows the inside-out
quenching sequence. The solid line is the dividing line that separates the
inside-out like (pink area) and outside-in like (light blue area) quenching
modes (see the text of Section 4.2 and Appendex A) a.
aAs the toy models assume circular geometry and might be too simplistic,
it is inevitable that some galaxies may fall outside the model boundaries, in
which case the galaxies are still categorized according to whether they lie
above or below the dividing line.
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gions are primarily powered by hot evolved stars (e.g., Bi-
nette et al. 1994; Stasin´ska et al. 2008; Sarzi et al. 2010; Yan
& Blanton 2012; Singh et al. 2013; Papaderos et al. 2013;
Gomes et al. 2016; Belfiore et al. 2016, 2017), whose abun-
dance is proportional to the stellar mass. Since the emissions
from hot evolved stars only begin to dominate after tens of
Mys after the OB stars stop forming (Zhang et al. 2017) and
the emission power of LI(N)ER is only a few percent of that
of star-forming regions (Hsieh et al. 2017), spaxels classified
as LI(N)ER can be regarded as regions where the star for-
mation has already ceased. This kind of association between
the LI(N)ER regions and the ‘retired’ or ‘quenched’ areas has
also been previously investigated in other works (Singh et al.
2013; Belfiore et al. 2016, 2017). Nevertheless, it is worth
noting that some LI(N)ER-like emission may be associated
with a weakly active galactic nucleus or shocks (e.g., in inter-
acting galaxies), which normally have high equivalent widths
(EW). In order to remove contributions from non-quenching
origins of LI(N)ERs, we apply an EW (Hα) cut when identi-
fying the quenched areas (see the next paragraph).
For a given galaxy, we can then quantify the degree and
the spatial distribution of the quenched areas by looking into
the abundance and locations of the quenched spaxels. In
this work, we thus define two quantities, Fq and Cq, to de-
scribe the fraction and the concentration of the quenched ar-
eas within a galaxy, respectively. For each spaxel of MaNGA
data, we first classify the emission line regions using the BPT
diagrams. We adopt the dividing curves suggested in the
literature (e.g., Kewley et al. 2001; Kauffmann et al. 2003;
Cid Fernandes et al. 2010) to separate various regions into
HII, LI(N)ER, composite, and AGN regimes by using the
[NII]/Hα and [OIII]/Hβ ratio as illustrated in the Figure 7
of Lin et al. (2017a) . To differentiate contributions between
quenched regions (or sometimes called ‘retired regions’ ) and
other ionizing sources (e.g., weakly AGNs or shocks) in pow-
ering LI(N)ERs, we further apply an EW(Hα) > -3Å (positive
value for absorption) cut in LI(N)ER spaxels when identifying
final quenched areas (Cid Fernandes et al. 2011; Hsieh et al.
2017). Releasing the equivalent width criterion to EW(Hα)
> -6Å (e.g., Sánchez et al. 2015) would result in an increase
of inside-out quenching fraction (defined below) by ∼ 10%
and change the outside-in quenching fraction with differences
ranging from -50% to +20%. Nevertheless, this does not af-
fect our main results and conclusions.
For each galaxy, we define the quenched fraction (or ‘qui-
escence’ hereafter), Fq , as the following:
Fq = Nquenched/Nall , (1)
where Nall is the total number of spaxels within 1.5 Re with
stellar mass surface density greater than 106 M kpc−2 and
with at least one of the four emission lines (Hα, Hβ, [NII],
[OIII]) above the S/N threshold (3 for Hα and Hβ; 2 for [NII]
and [OIII]), and Nquenched is the number of quenched spaxels
(only galaxies with Nquenched ≥ 3 are considered in this work).
The stellar mass surface density cut is motivated by the data
distribution on the star formation rate surface density vs. stel-
lar mass surface density plane of Abdurro’uf (2018, see their
Figure 7). Our conclusions remain the same even if a higher
cut of 107 M kpc−2 is applied.
The concentration of the quenched spaxels (hereafter
‘quenching concentration’), Cq, is computed as:
Cq =
∑
r2all/
∑
r2quenched , (2)
where r refers to the distance of a given spaxel to the galaxy
center, corrected for the inclination. While Fq represents the
degree of quenching in a galaxy, Cq reflects the spatial distri-
bution of the quenched area.
The combination of Fq and Cq provides a powerful method
for describing the spatial sequence of quenching. At a fixed
Fq, galaxies with quenching occurring in the inner regions
have a greater value of Cq than those with quenching occur-
ring in the outskirts. In other words, the inside-out quenching
and outside-in quenching will follow different trajectories in
the Fq vs. Cq diagram. To illustrate this point, we perform
two sets of toy models, one with inside-out quenching, start-
ing from the inner spaxels to the outer spaxels (see the left
sequence in Figure 1) and the other with outside-in quench-
ing, proceeding with the opposite direction (see the middle
sequence in Figure 1), assuming a perfect circle. For each
set of the models, we create 80 equally-spaced annulus bins.
In each step, we shift the annulus boundary that separates
the quenched and unquenched areas by one annulus bin and
compute Fq and Cq. The obtained inside-out and outside-in
quenching trajectories are shown as the dot-dashed line and
the dotted line in Figure 2, respectively. In fact, these two
trajectories can also be derived analytically. In Appendix A,
we consider a general case where there is a mixture of inside-
out and outside-in quenching within a galaxy (see the right
sequence in Figure 1). The equations describing the pure
inside-out and outside-in quenching lines can be obtained us-
ing Equation A.15 by adopting FqI (the contribution of inside-
out quenching) = 100 and 0, respectively:
log10Cq = −2log10Fq +4 (Inside-out) (3)
log10Cq = log10
1
1−
(
1−Fq/100
)2 (Outside-in) (4)
By comparing the locations of the observed Fq and Cq of
galaxies with the models, we are able to categorize whether
a galaxy is more inside-out quenching like or outside-in
quenching like. The criteria we adopted for the selection of
quenched areas only concern the stellar mass surface density,
the line equivalent width, and the line ratios, all of which do
not directly depend on the observation resolution. As the two
parameters (Fq and Cq) deal with the relative quantities, our
method is not that sensitive to the spatial resolution in the
case where there are sufficient resolution elements. Neverthe-
less, it is worth noting that very compact regions of quenched
areas could be missed in our data and can only be resolved
with greater spatial resolutions. Higher resolution observa-
tions would be required to investigate whether this is an im-
portant effect or not.
4. RESULTS
4.1. The dependence of quiescence (Fq) and concentration
(Cq) on the global sSFR
Our working assumption is that the regions showing
LI(N)ER-like emissions and with low EW(Hα) are essentially
places where the star formation has already ceased. If this is
true, one would expect that more active star-forming galaxies
should have lower Fq whereas quiescent galaxies tend to have
high Fq. This correlation is illustrated in Figure 3, where we
plot the quiescence (Fq) vs. the global sSFR computed from
Pipe3D. As expected, the quiescence parameter decreases
with increasing global sSFR, although with large scatter. The
scatter is greater for galaxies with high sSFR. This is because
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Table 1
Inside-out and outside-in quchening fractions as a function of halo mass
Subsample Stellar mass cut Mhalo(M) fin−out (%) fout−in(%)
Centrals M∗> 1010.5M 11.95 29.6±6.9 2.5±1.8
Centrals M∗> 1010.5M 12.49 61.1±3.6 3.1±0.6
Centrals M∗> 1010.5M 13.37 71.7±4.7 3.4±0.8
Centrals M∗> 1010.5M 14.21 67.3±15.2 6.1±3.6
Satellites 109.5M< M∗< 1010.5M 11.88 17.2±8.3 3.4±3.5
Satellites 109.5M< M∗< 1010.5M 12.59 29.2±4.3 4.0±1.4
Satellites 109.5M< M∗< 1010.5M 13.58 35.8±4.9 3.4±1.3
Satellites 109.5M< M∗< 1010.5M 14.67 55.8±7.7 5.4±2.0
Satellites M∗> 1010.5M 12.83 59.0±15.5 5.1±3.7
Satellites M∗> 1010.5M 13.60 62.3±7.1 7.0±1.9
Satellites M∗> 1010.5M 14.30 74.4±9.9 5.3±2.0
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Figure 3. Quiescence (Fq) vs. sSFR for the MaNGA sample. Black dots rep-
resent the measurements of each individual galaxy. The brown symbols show
the medians and the associated uncertainties (computed as the root-mean-
square in the logrithm space normalized by the square root of the sample size
in each bin) of galaxies with measurable Fq.
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Figure 4. Concentration of quenched area (Cq) vs. sSFR for the MaNGA
sample. Black dots represent the measurements of each individual galaxy.
The brown symbols show the medians and the associated uncertainties (com-
puted as the root-mean-square in the logrithm space normalized by the square
root of the sample size in each bin) of galaxies with measureable Cq.
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Figure 5. The distributions of MaNGA galaxies on the quiescence (Fq) vs.
quenching concentration (Cq) plane, color-coded according to the their sSFR.
Similar to Figure 2, the light blue shaded area denotes the outside-in like
quenching mode whereas the pink shaded region denotes the inside-out like
quenching mode.
Table 2
Fractions of AGN and galaxies with high Sérsic indice as a function of
halo mass
Subsample Stellar mass cut Mhalo(M) Fraction(%)
AGN M∗> 109.5M 11.86 1.3±0.6
AGN M∗> 109.5M 12.46 3.8±0.6
AGN M∗> 109.5M 13.41 4.6±0.7
AGN M∗> 109.5M 14.53 0.9±0.5
n≥ 3 109.5M< M∗< 1010.5M 11.89 31.0±11.8
n≥ 3 109.5M< M∗< 1010.5M 12.61 36.1±4.9
n≥ 3 109.5M< M∗< 1010.5M 13.60 41.2±5.3
n≥ 3 109.5M< M∗< 1010.5M 14.76 49.7±7.1
n≥ 3 M∗> 1010.5M 12.84 64.1±16.4
n≥ 3 M∗> 1010.5M 13.61 76.9±8.3
n≥ 3 M∗> 1010.5M 14.30 81.2±10.5
the strength of the sSFR may differ in HII spaxels among
galaxies even at a given fixed fraction of LI(N)ER spaxels.
Nevertheless, it is still encouraging to see the anticorrelation
between the defined quiescence and global sSFR.
Next, we plot the quenching concentration (Cq) as a func-
tion of global sSFR in Figure 4. We find that there is also a
fairly good correlation between Cq and global sSFR. Galax-
ies with lower sSFR tend to have more extended distributions
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Figure 6. Examples of galaxies classified as inside-out-like quenching. The
first and third columns show the SDSS gri composite images. The spatial
distributions of the quenched areas are shown in yellow in the second and
fourth columns, associated with the objects in the first and third columns,
respectively.
Figure 7. Examples of galaxies classified as outside-in-like quenching. The
first and third columns show the SDSS gri composite images. The spatial
distributions of the quenched areas are shown in yellow in the second and
fourth columns, associated with the objects in the first and third columns,
respectively.
of quenched area, and hence low Cq. However, we also no-
tice that Cq seems to decline with sSFR for galaxies with
log(sSFR) > −10.5. This is likely due to the small number
statistics of both the sample size of galaxies in the two high-
est log(sSFR) bins and the small number of retired spaxels
associated with them.
4.2. Quiescence (Fq) vs. quenching concentration (Cq)
In figure 5 we plot the distributions of all MaNGA galax-
ies on the Fq versus Cq plane, color-coded according to their
global sSFR. The two toy model lines are also shown to guide
the eyes. It can be seen that our sample spreads over the re-
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Figure 8. The distributions of MaNGA galaxies on the SFR vs. M∗ plane.
The red and blue symbols denote galaxies classified as inside-out and outside-
in quenching like objects, respectively. Unclassified galaxies are shown as
grey points.
gions between the two model lines on the Fq versusCq plane.
This could be attributed to two effects. First, the quenching
may not occur subsequently with increasing or decreasing ra-
dius and/or that there could be mixed modes of quenching for
most of the galaxies. For example, when a centrally quenched
galaxy due to prior AGN or morphological quenching falls
into a cluster environments and hence suffers from ram pres-
sure stripping, it can exhibit both the inside-out and outside-in
quenching features. Secondly, as illustrated in figures 6 and 7,
the spatial distribution of quenched areas may be patchy, not
necessarily axis-symmetric.
In order to properly classify galaxies into the outside-in
and inside-out quenching categories, we analytically compute
the Fq and Cq values by varying the relative contributions
from the two modes and investigate how these two parame-
ters change on the Fq versus Cq plane. The detailed calcula-
tions are given in the Appendix A. As illustrated in Figure A1,
even a small contribution from the outside-in quenching will
move the locations toward the pure outside-in quenching line.
Therefore, we define a dividing line (gray line), which corre-
sponds to the 50% inside-out and 50% outside-in quenching
contributions to separate the two types of quenching modes.
Galaxies lying below (above) this threshold line are counted
as outside-in (inside-out) dominant quenching.
Figure 8 presents the global SFR – M∗ distribution derived
from the Pipe3D analysis of the full MaNGA sample, color-
coded according to their quenching types (red: inside-out;
blue: outside-in; grey: unclassified). We split the sample into
two stellar mass bins. For massive galaxies ( M∗> 1010.5M),
those objects showing either inside-out (68%) or outside-in
(5%) quenching features are located in the lower side of the
star-forming sequence and the quiescent population. On the
other hand, in the low mass bin (109.5M< M∗< 1010.5M),
31% are classified as inside-out quenching while 5% are clas-
sified as outside-in quenching. These low-mass galaxies with
quenching features predominately lie in the quiescent (pas-
sive) population.
4.3. The halo mass dependence of the inside-out and
outside-in quenching
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Figure 9. The distributions of all MaNGA galaxies on the quiescence (Fq) vs. quenching concentration (Cq) plane in different halo mass bins (increasing from
left to right). The centrals and satellites are shown in orange and blue symbols, respectively. Similar to Figure 2, the light blue shaded area denotes the outside-in
like quenching mode whereas the pink shaded region denotes the inside-out like quenching mode. Top, middle, and bottom panels are for galaxies with different
stellar mass cuts (from top to bottom: all galaxies with M∗ > 109.5M, 109.5M < M∗ < 1010.5M, and M∗ > 1010.5M)
To see how environments might affect the quenching pat-
terns of galaxies, we make a similar plot by binning the galax-
ies based on their hosting halo masses for all galaxies with
M∗ > 109.5M (top panels of Figure 9). For this purpose,
we limit our sample to 2915 galaxies that have the halo mass
meausurements. As the strength of ram-pressure stripping is
proportional to the density of intergalactic medium (Gunn &
Gott 1972), it has been suggested to take place in denser en-
vironments, such as galaxy clusters. If ram pressure stripping
is indeed a dominant process that quenches the star forma-
tion in cluster-like halos, we would expect to see fractionally
more galaxies classified as outside-in quenching with increas-
ing halo mass. As mentioned in Sec. 4.2, the fractions of
galaxies that exhibit inside-out or outside-in quenching fea-
tures are stellar mass dependent. In order to remove the stel-
lar mass effect, we also present the results in two stellar mass
bins, 109.5M< M∗< 1010.5M and M∗ > 1010.5M, in the
middle and bottom panels, respectively. The two stellar mass
cuts adopted here yield a similar dynamical range in terms
of stellar mass and are also able to provide sufficient number
of satellites in different halo mass bins for subsequent anal-
yses. For centrals and satellites, we compute the fraction of
galaxies exhibiting inside-out quenching patterns (fin−out) as
the following:
f cen.in−out = N
cen.
in−out/N
cen. (5)
f sat.in−out = N
sat.
in−out/N
sat., (6)
where Ncen. (Nsat.) is the number of total central (satel-
lite) galaxies and Ncen.in−out (N
sat.
in−out) is the number of central
(satellite) galaxies classified as inside-out quenching. There
are galaxies, however, which do not have LI(N)ER spax-
els within 1.5 Re, meaning that neither their Fq nor Cq is
computed. These galaxies are typically star-forming galax-
ies as illustrated in Figure 8 and can not be categorized in ei-
ther inside-out quenching or outside-in quenching. In others
words, Nin−out + Nout−in ≤ 1. Therefore, we separately com-
pute the fraction of galaxies exhibiting outside-in quenching
patterns (fout−in):
f cen.out−in = N
cen.
out−in/N
cen. (7)
f sat.out−in = N
sat.
out−in/N
sat., (8)
where Ncen.out−in (N
sat.
out−in) is the number of central (satellite)
galaxies classified as outside-in quenching. The derived val-
ues of fin−out and fout−in are shown in the upper-right and
lower-left corners of each panel, respectively, as well as in
Table 1.
In the left panel of Figure 10, we show the fraction of galax-
ies exhibiting inside-out quenching patterns (fin−out) as a func-
tion of halo mass. For centrals, we only present results with
M∗ > 1010.5M as the statistics for less massive centrals are
relatively poor in massive halos. We see that fin−out increases
with hosting halo mass for both centrals and satellite galax-
ies. For the satellites, fin−out is significantly higher for high
stellar mass galaxies than the low stellar mass ones at a given
8 LIN ET AL.
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Figure 10. The fraction of inside-out like (left panel) and outside-in like (right panel) galaxies of centrals with M∗ > 1010.5 M(red symbols), satellites with
M∗ < 1010.5 M (green symbols), and satellites with M∗ > 1010.5 M (blue symbols). The dotted and solid lines correspond to high-mass and low-mass
galaxies, respectively. The error bars are computed as the root-mean-square normalized by the square root of the sample size in each bin.
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Figure 11. The distributions of MaNGA-selected AGN hosts on the quies-
cence (Fq) vs. quenching concentration (Cq) plane. The Type-I and tyoe-II
AGNs are shown in blue and orange symbols, respectively. Similar to fig-
ure 2, the light blue shaded area denotes the outside-in like quenching mode
whereas the pink shaded region denotes the inside-out like quenching mode.
halo mass. This phenomenon is consistent with the finding
that the fraction of centrally suppressed galaxies or central
LI(N)ER galaxies increases with the stellar mass (Belfiore et
al. 2017; Spindler et al. 2018). Recalling that not all galaxies
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Figure 12. The fraction of type-I plus type-II AGNs (green triangles), high
Sérsic galaxies with M∗< 1010.5 M (magenta symbols), and high Sérsic
galaxies with M∗> 1010.5 M (red symbols) as a function of halo mass. The
error bars are computed as the root-mean-square normalized by the square
root of the sample size in each bin.
possess enough LI(N)ER features to be classified as inside-
out quenching or outside-in quenching, fin−out and fout−in does
not necessarily sum to one. To see the trend for the fraction of
galaxies exhibiting outside-in quenching patterns (fout−in), we
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Figure 13. The distributions of MaNGA galaxies on the quiescence (Fq) vs.
quenching concentration (Cq) plane, color-coded according to the their Sérsic
index. Similar to Figure 2, the light blue shaded area denotes the outside-in
like quenching mode whereas the pink shaded region denotes the inside-out
like quenching mode.
plot fout−in versus halo mass in the right panel of Figure 10.
Interestingly, it is shown that the fraction of outside-in
quenching galaxies does not strongly depend on the halo
mass, for either centrals or satellites. The flat dependence
on the halo mass for satellites suggests that the ram-pressure
stripping may not be a dominant, at least not the only channel,
to suppress the star formation of massive satellites in groups
and clusters. However, we note that the dividing line (50%
inside-out and 50% outside-in) adopted here is closer to the
pure outside-in trajectory (dotted line) and hence it is pos-
sible that our results are affected by the small statistics of
the outside-in galaxies. To test the robustness of our results,
we also repeat the analyses by using the other two dividing
lines that correspond to the 60% inside-out vs 40% outside-in
and 70% inside-out vs 30% outside-in contributions (see Ap-
pendix A). We find that the flat dependence of the outside-in
fraction on the halo mass still holds in these two cases, despite
that the fraction of outside-in quenching galaxies increases as
a result while moving the dividing line away from the pure
outside-in trajectory,
5. DISCUSSION
5.1. What drives the inside-out quenching?
Our results show that the fraction of galaxies showing an
inside-out quenching pattern, strongly depends on the halo
mass, regardless of being a central galaxy or a satellite. The
increasing frequency of inside-out quenching with halo mass
still holds even we split the satellites into two stellar mass
bins. Furthermore, we find that more massive galaxies tend to
have higher fractions of inside-out quenching than less mas-
sive ones, irrespective of their environments. This is in line
with the finding in the literature that high-mass galaxies tend
to exhibit suppressed sSFR in the galactic cores as opposed
to low-mass galaxies (Belfiore et al. 2018; Liu et al. 2018;
Sánchez et al. 2018). Our results suggest that the effect of
inside-out quenching depends on both stellar mass and halo
mass.
Among all the mechanisms that may suppress the star for-
mation, AGN feedback (e.g., Bower et al. 2006; Croton et al.
2006; Fabian 2012) or morphological quenching (Martig et
al. 2009), may potentially drive the features of the inside-out
quenching. The study of molecular gas properties of a prelim-
inary set of MaNGA-selected green valley galaxies suggests
that the gas is depleted in an inside-out fashion, possibly at-
tributed to the AGN feedback (Lin et al. 2017b). In order
to investigate whether these processes are responsible for the
halo mass dependence of the inside-out quenching, we first
investigate the frequency of AGN and galaxies with high Sér-
sic index as a function of halo mass in our sample. For the
study of AGNs, we utilize the emission-line selected AGN
candidates identified by (Sánchez et al. 2018), updated with
the MPL-6 version. The AGN sample contains both Type-
I and Type-II AGNs. It is found that the properties of their
host galaxies differ slightly in the SFR vs. stellar mass plane
– Type-I AGN hosts span a wide range of sSFR, from star-
forming to quiescent, whereas Type-II AGN hosts are prefer-
entially located in the green valley and the high-sSFR end of
the quiescent population (see Figure 4 of Sánchez et al. 2018,
for details). Figure 11 shows the distributions of two types of
AGNs on the Fq vs. Cq plane. It is clear that Type-I and Type-
II AGNs are distributed differently in this diagram– 38% and
15% of galaxies hosting a Type-I AGN show the inside-out
and outside-in quenching patterns, respectively, compared to
Type-II AGNs (66% vs. 8%). However, the location of Type-I
AGN could be strongly affected by the lack of LI(N)ER detec-
tion in the central regions that are heavy ionized by the AGN
itself, leading to the deficit of inside-out quenching Type-I
AGN seen in the analysis.
In Figure 12 and Table 2 we show the ratio of the number
of Type-I plus Type-II AGNs to the number of total galax-
ies with M∗ > 109.5M as a function of halo mass. It can
be seen that the AGN fraction peaks in halos with masses
between 1012.5 to 1013.5 M, roughly corresponding to the
group scales, and drops towards massive cluster-scale halos.
This trend remains similar if we restrict the sample to Type-
I or Type-II AGNs only, and is different from the increasing
inside-out fraction with halo mass. Our finding that the fre-
quency of optically-selected AGNs peaks on group scales is
similar to the trend found for samples of X-ray and radio se-
lected AGNs (Sánchez & González-Serrano 2002; Best 2004;
Arnold et al. 2009; Davies et al. 2017).
Figure 13 shows how the galaxies with different Sérsic in-
dices (n) are distributed in the Fq and Cq plane. We see that
galaxies with higher Sérsic index tend to occupy the inside-
out regions. 70% and 6% of galaxies with n > 3 are classi-
fied as inside-out and outside-in quenching, respectively. On
the other hand, only 17% and 1% of galaxies with n < 3
are classified as inside-out and outside-in quenching, respec-
tively. The high inside-out quenching fraction seen in galaxies
with high n is somewhat expected since it is well-known that
galaxies with high Sérsic index or bulge-to-total (B/T) have
lower sSFR (Whitaker et al. 2015; Pan et al. 2018) and that
the bulges tend to have old stellar populations (González Del-
gado et al. 2015; McDermid et al. 2015; López Fernández et
al. 2018) and lower sSFR (Pan et al. 2018). In Figure 12 (also
see Table 2) we show the fraction of satellite galaxies with
n> 3 as a function of halo mass for two stellar mass bins (red
symbols). In the case of low-mass satellites for which we have
enough statistics, it is shown that the fraction of high-Sérsic
index galaxies strongly increases with halo mass, as seen in
the fraction of inside-out galaxies. The trend remains simi-
lar if we change the threshold of the Sérsic index to a higher
value of 3.5 or a lower value of 2.5.
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Unlike the AGN fraction, which is much smaller compared
to the inside-out fraction, the fraction of galaxies with high-
Sérsic index is comparable to that of the inside-out galax-
ies. The good agreement in the halo mass dependence be-
tween the high Sérsic fraction and inside-out fraction indi-
cates that morphological quenching could be responsible for
the growing inside-out quenched galaxies found in more mas-
sive halos. Our results seem to favor morphological quench-
ing (Martig et al. 2009) over the AGN feedback as the primary
cause for the similar environment dependence of the inside-
out quenching. However, it should be noted that the duty cy-
cles of AGN and the timescale of morphological quenching
may be quite different. As discussed in Sánchez et al. (2018),
the timescale of active AGN phase may be on the order of
∼ 0.1 Gyr (Parma et al. 2007; Shulevski et al. 2015), which
could be shorter than the star formation quenching timescale
itself. On the other hand, morphological quenching operates
over longer period once the bulge component forms. Galaxies
showing inside-out quenching features may be a result of ac-
cumulated quenching events over time in the past rather than
an on-going event. Therefore, we can not rule out the pos-
sibility that galaxies are quenched when they are located in
groups (the ’pre-processing’ effect), where the AGN is more
frequent as seen in our data, after which they fall into bigger
clusters.
An alternative process that is commonly thought to oper-
ate in dense environments is called ‘strangulation’ (or ‘starva-
tion’), refers to the situation where galaxies fail to replenish
the gas due to the removal of extended gas halo. This effect
is suggested to be stronger when galaxies fall into dense envi-
ronments such as groups or cluster of galaxies (Larson et al.
1980; Kawata & Mulchaey 2008). Strangulation is predicted
to suppress the star formation uniformly over the entire galaxy
and therefore produces spatial distribution of star formation
that is distinct from other mechanisms. It has been argued that
strangulation is the primary channel to quench the star forma-
tion of satellites (van den Bosch et al. 2008; Peng et al. 2015;
Spindler et al. 2018), although the exact dependence of en-
vironments has not been well constrained. There has been an
increasing number of studies finding the global suppression of
star formation in green valley galaxies or satellite galaxies by
comparing their star formation rate or specific star formation
rate gradients with respect to the reference sample (Belfiore
et al. 2018; Spindler et al. 2018), favouring the strangulation
quenching scenario. However, it should be stressed that spa-
tially uniform suppression of star formation is not necessarily
in contradiction with the inside-out or outside-in quenching
defined in this work, which are characterized based on the al-
ready quenched areas within the galaxies. As the areas with
sSFR below a certain threshold will become a LI(N)ER and
hence are defined as quenched regions first, depending on the
initial slope of the star formation rate profile, the global reduc-
tion of star formation may result in the inside-out or outside-in
quenching features.
5.2. What drives the outside-in quenching?
A few processes associated with environments may poten-
tially be responsible for the outside-in quenching features.
Ram-pressure stripping has long been suggested to be one of
the primary mechanisms that suppress the star formation of
galaxies in groups and clusters. When galaxies fall into mas-
sive groups or clusters, they experience winds caused by the
its relative motion to the hot intraclustser medium (ICM). As
a result, the diffuse interstellar medium (IGM) in the outer
parts of galaxies can be stripped, leading to the cessation of
star formation. An alternative explanation for the outside-
in quenching is through galaxy mergers. Both observations
and simulations have demonstrated that galaxy interactions
can induce gas inflow to the central parts of galaxies, trig-
ger starbursts (Barnes & Hernquist 1996; Cox et al. 2006;
Lin et al. 2007; but see Bergvall 2003; Barrera-Ballesteros et
al. 2015; Fensch et al. 2017 for different findings) and pos-
sibly AGN activities (Di Matteo et al. 2005; Hopkins et al.
2006; Ellison et al. 2008). Recent merger simulations further
suggest that the star formation could be suppressed at large
galactocentric radii during galaxy-galaxy interactions as a re-
sult of gas inflow while the star formation rate in the central
part of galaxies is strongly enhanced, followed by an imme-
diate truncation of star formation after the gas fuel is fully
consumed. (Moreno et al. 2015). Under this circumstance,
quenching may possibly occur in an outside-in fashion during
some phases of galaxy mergers. Observations and simula-
tions found that galaxy mergers are typically more frequent in
dense environments (Lin et al. 2010) and peaks in halos with
halo mass ∼ 1013 M (Jian et al. 2012). Therefore, if ram-
pressure stripping process is effective in removing the cold
gas from the outskirts of galaxies, we expect to see higher
fraction of galaxies with outside-in patterns in massive ha-
los, especially in clusters of galaxies. On the other hand, if
galaxy-galaxy interactions dominate the outside-in quench-
ing, the fraction of outside-in quenching galaxies is expected
to peak around the group scales.
As shown in Figure 10, the dependence of fout−in on halo
mass is nearly flat for both low mass and high mass satellites,
which indicates that neither ram-pressure stripping nor galaxy
interactions play a dominant role in producing the outside-in
quenching processes. Either both processes may contribute
to some degrees or there could be some other mechanism
that causes the outside-in quenching features. Nevertheless,
it is worth noting that majority of (partially) quenched satel-
lite galaxies is instead in the inside-out quenching category,
which strongly depends on halo mass. In other words, while
ram-pressure stripping or galaxy interactions may act in mas-
sive halos, they may not be the primary mechanisms that pro-
duces a higher fraction of passive galaxies seen in the groups
and clusters relative to the field galaxies (Lin et al. 2014; Jian
et al. 2017, 2018).
5.3. Comparisons with other works
Since the advent of large IFU surveys, there has been a
growing number of environmental studies based on the spa-
tial distributions of stellar populations and star formation rate
(e.g., Goddard et al. 2017; Zheng et al. 2017; Schaefer et al.
2017; Spindler et al. 2018; Medling et al. 2018). While most
studies are based on the gradients of age, star formation rate,
or specific star formation rate, our approach probes the spatial
distribution of quenched areas, which provides complemen-
tary information. Therefore, it would be intriguing to com-
pare our results with previous environmental works based on
the IFU observations.
Spindler et al. (2018) studied the environmental effects by
exploring the sSFR gradients in central and satellite galax-
ies using 1494 MaNGA galaxies. In their study, they classi-
fied their galaxies into centrally unsuppressed and suppressed
types. The former class on average shows flat profiles in sSFR
while the latter exhibits positive slopes in the sSFR gradi-
ent. By comparing the sSFR of the satellites relative to the
centrals with the same stellar mass, they found a global sup-
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pression in the satellites and concluded that their results favor
the strangulation scenario. Supposedly if the reduction in the
sSFR is spatially uniform, the centrally suppressed galaxies
will display the inside-out quenching feature according to our
definition, as the central spaxels become LI(N)ER first. On
the other hand, the centrally unsuppressed galaxies will not
appear as inside-out nor outside-in quenching since the lo-
cal spaxels become the LI(N)ER regions simultaneously once
their sSFRs drop below the HII threshold. Although it is not
straightforward to directly translate our results to the gradient
studies given the different natures between our approaches,
both works seem to point out that outside-in quenching plays
a less vital role in environmental quenching.
On the other hand, the greater fraction of inside-out quench-
ing over outside-in quenching found in our work seems to be
in direct conflict with the work carried out by Schaefer et al.
(2017), who studied the star formation rate gradients in the
SAMI sample and concluded that in dense environments the
star formation quenches outside-in. However, there is a funda-
mental difference between our analyses–the environments are
traced by the local nearest neighbour density in Schaefer et al.
(2017) whereas in this work we focus on the halo mass. These
two environment proxies do not necessarily have one-to-one
correspondence. As shown in Figure 12 of Lin et al. (2016),
there is a wide spread of local density at a given halo mass–
at low redshifts the highest density is actually dominated by
groups rather than clusters. Thus, the relative strength of var-
ious environment effects may differ between our samples.
6. CONCLUSIONS
Using the spatially resolved data cubes of 2915 galaxies
drawn from SDSS-IV MaNGA, we study the quenching prop-
erties of galaxies as a function of halo mass in order to probe
environmental quenching effects. We use LI(N)ER regions
with low EW(Hα) to trace the quenched areas and we define
two non-parametric parameters, quiescence (Fq) and its con-
centration (Cq), to quantify the strength and the spatial distri-
bution of the quenched areas. With the combination of these
two parameters, we are able to classify galaxies into two cate-
gories: inside-out and outside-in quenching, and to study their
frequency in different mass of halos. Our results can be sum-
marized as follows:
1. The fraction of galaxies showing inside-out quenching
increases with both stellar mass (at a fixed halo mass) and
halo mass (at a fixed stellar mass). On the other hands, the fre-
quency of outside-in quenching is almost independent of the
halo mass. In nearly all local environments, the frequency of
inside-out quenching is higher than the frequency of outside-
in quenching at a fixed stellar mass and halo mass. The differ-
ence between the two quenching modes is more pronounced
for galaxies located in the more massive halos. Our results
suggest that inside-out quenching is the dominant quenching
mode in all environments.
2. We find that the increasing fraction of galaxies exhibit-
ing a high Sérsic index (and hence a greater bulge compo-
nent) with halo mass is similar to the halo mass dependence of
the inside-out quenching, suggesting a plausible link between
these two phenomena. On the other hand, the frequency of
AGNs peaks at group scales, different from the rising curve
of the inside-out quenching with respect to the halo mass.
Our result seems to favour the morphological quenching over
AGN feedback as a primary mechanism driving the environ-
mental dependence of the inside-out quenching, although this
could be affected by the issue of uncertainties in the AGN
duty cycle.
3. The lack of the halo mass dependence of outside-in
quenching suggests that neither the ram-pressure stripping,
nor the galaxy-galaxy merger, is the dominant process in act
in massive halos. It is likely both mechanisms contribute to
the outside-in quenching seen in different environments.
Our method that characterizes the quenched areas provides
a complementary approach in investigating the quenching
mechanisms with respect to other studies that are based on the
spatial gradients in the (specific) star formation rate and stel-
lar populations. This study has revealed that both inside-out
and outside-in quenching coexist in different environments
and that inside-out quenching dominates in the more massive
halos. Combining MaNGA data with future spatially resolved
molecular gas observations from ALMA will be key to further
understand the cause of quenching in different environments.
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APPENDIX
A. TOY MODELS
Let’s consider a perfectly circular galaxy with external radius R. The inside-out quenching region is a circular section of the
galaxy with a radius R1 around the nucleus. The outside-in quenching region extends from radius R2 to R. We will define R≡ 1
so that R1 and R2 are numerically equivalent to fractions of the total galaxy radius. In that case, the total circular area of a galaxy
is numerically identical to pi.
The quenched fraction Fq of a “mixed” galaxy (i.e. presenting both inside-out and outside-in quenching) is given by the fraction
of quenched pixels to the total galaxy area, i.e.
Fq =
internal quenching+ external quenching
pi
(A.1)
=
piR21 + (pi −piR22)
pi
(A.2)
= 1+R21 −R
2
2. (A.3)
The contribution of inside-out quenching to the Fq value above, FqI , can be expressed as
FqI =
piR21
piR21 + (pi −piR22)
(A.4)
=
R21
Fq
, (A.5)
so that we can express Fq in terms of FqI as
Fq =
R21
FqI
. (A.6)
The concentration Cq is defined as
Cq =
∑
r2all∑
r2quenched
.
Expressing the density of pixels as ρ and considering the infinitesimal limit, the squared summation of radial distances r up to a
radius R can be written as
∑
r2 =
∫ R
0
ρ2pir3dr (A.7)
=
piρR4
2
, (A.8)
so that we can express the concentration of a “mixed” galaxy as
Cq =
piρ/2
piρR41/2+piρ(1−R42)/2
(A.9)
=
1
1+R41 −R42
, (A.10)
where piρ/2 is the result of
∑
r2all . From equation A.6,
R41 = (FqFqI)
2,
and from equation A.3,
R42 = (1+R
2
1 −Fq)
2,
so that we can re-write the solution for Cq (eq. A.10) as
Cq =
1
1+ (FqFqI)2 − (1+R21 −Fq)2
(A.11)
=
1
1+ (FqFqI)2 − (1+FqFqI −Fq)2
. (A.12)
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Figure A1. The distributions of toy models showing various mixing of inside-out and outside-in quenching on the quiescence (Fq) vs. quenching concentration
(Cq) plane using Eq. (A15). The red and blue lines denote the pure inside-out and outside-in quenching lines, respectively. The black lines show the model lines
with different fractions of inside-out contributions (FqI , increasing from the bottom to the top. The dashed line, corresponding to the 50% inside-out and 50%
outside-in quenching, is used to separate the two modes of quenching in this work. Black circles show the position of a galaxy with inside-out quenching radius
equal to 20% of the total galaxy radius.
Now, in order to express Fq and Cq in the same notation as in the paper (log scale, and Fq as a percent) we define
x= log10 100×Fq (A.13)
y= log10Cq, (A.14)
so that the loci of constant FqI values are given by
y = log10
1
1+
(
FqI10x/100
)2 − (1+FqI10x/100−10x/100)2 . (A.15)
Notice that the FqI values are fractions of the quenched area, not percent values.
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